Previously, we reported a zebra®sh iroquois gene, ziro3, and its expression during early embryogenesis (Mech. Dev. 87 (1999) 165). In the present study, we have isolated two novel zebra®sh iroquois genes, ziro1 and ziro5, homologs of mouse Irx1 and mouse Irx5, respectively. The expression of both genes is initiated in dorsal neuroectoderm and mesoderm during gastrulation. Later, their expression appears in the central nervous system (CNS), excluding the telencephalon and most of the diencephalon. ziro1 expression is complementary to that of ziro3 in the notochord and later in the gut. In contrast, ziro5 expression mostly overlaps with that of ziro3. Interestingly, all three iroquois zebra®sh genes are expressed in the notochord while only Irx3 is active in the mouse notochord. Their expression in later stages of embryogenesis was also compared. q
Results
During embryonic development of vertebrates, an interaction of proneural and neurogenic genes establishes a speci®c pattern of the precursor cells in the neural plate and signals from the dorsal mesoderm induce their further differentiation (Stra Èhle and Blader, 1994) . In this process some genes might act as pre-pattern factors prior to the expression of proneural genes. Iroquois homeobox genes, ®rst isolated from Drosophila, have been found to play a role in this process (Go Âmez-Skarmeta et al., 1996) . So far, several iroquois cDNAs have been isolated from vertebrates (Bosse et al., 1997 (Bosse et al., , 2000 Bellefroid et al., 1998; Go Âmez-Skarmeta et al., 1998; Goriely et al., 1999; Bao et al., 1999; Funayama et al., 1999; Lewis et al., 1999; Tan et al., 1999; Bruneau et al., 2000; Cohen et al., 2000; Peters et al., 2000) . We describe here the sequences and expression patterns of two novel zebra®sh iroquois cDNAs, ziro1 and ziro5.
To isolate novel zebra®sh iroquois cDNA clones, a pair of degenerate primers was designed based on the conserved homeodomain of known Iroquois proteins (Tan et al., 1999) . Several zebra®sh cDNA fragments containing the iroquois homeobox were ampli®ed by RT-PCR. These PCR fragments were then used to screen an embryonic cDNA library (Gong et al., 1997) and two novel zebra®sh iroquois cDNA clones were obtained. These two cDNAs (1.7 and 1.9 kb) encode proteins of 445 and 446 amino acids and they are most homologous to mouse Irx1 and Irx5, respectively (Bosse et al., 1997 (Bosse et al., , 2000 . Both contain a well-conserved homeodomain as well as an IRO-box; the latter can be found in all Iroquois proteins in the C-terminal region (Fig. 1A,B ) (Bu Èrglin, 1997) .
Using a T51 zebra®sh±hamster somatic cell radiation hybrid (RH) panel (Kwok et al., 1998) , genome mapping was performed to locate ziro1 and ziro5 as well as the previously reported ziro3 (Tan et al., 1999) . Using PCR primers designed based on their 3 H UTRs, 94 hybrids were screened. After analysis with a software from the MaxPlanck-Institut of Developmental Biology, Tu Èbingen, Germany (http://wwwmap.tuebingen.mpg.de:8082/rh/), ziro1 was mapped to linkage group (LG) 19 between 34.8 and 38.3 cM from the top, while ziro3 and ziro5 were mapped together to LG 7 between 43.8 and 45.0 cM from the top (Fig. 1C) . To date, there is no known mutant mapped to these regions. Interestingly, the mouse iroquois homologues, Irx3 and Irx5, have also been mapped together in chromosome 8 (Bosse et al., 2000; Peters et al., 2000) ( Fig. 1D) . To determine the syntenic relationship, ESTs www.elsevier.com/locate/modo mapped to LG 7 close to ziro3 and ziro5 were examined and an EST (fc83d11) coding for an aralkyl-CoA N-acyltransferase (lcat) was identi®ed. Similarly, an acyltransferase gene (Lcat) has also been mapped near the Irx5 locus in mouse chromosome 8 (http://www4.ncbi.nlm.nih.gov/ genome/guide/M_musculus.html). Moreover, human IRX3 was mapped to chromosome 16 and an LCAT gene was also located in the nearby region (http://www4.ncbi.nlm.nih.-gov/genome/guide/human). Thus, the region containing ziro3 and ziro5 in zebra®sh LG 7 might be syntenic to the regions in mouse chromosome 8 and human chromosome 16 containing Irx3/IRX3 and Irx5, consistent with the previous suggestion by Woods et al. (2000) . As described by Peters et al. (2000) , both Irx1/IRX1 and Irx4/IRX4 are closely linked in mouse chromosome 13 and human chromosome 5. Although no synteny is suggested so far between zebra®sh LG 19 and mouse chromosome 13/human chromosome 5, we found a zebra®sh NADH dehydrogenase chain 5 gene, nduc5 (fb17a05) near ziro1, similar to the presence of a human homologous gene, NDUFS6 (NADH dehydrogenase Fe-S protein 6), near IRX1 (Fig. 1D ). Hence, this may be a new region of synteny between zebra®sh LG 19 and human chromosome 5.
To determine the expression patterns of ziro1 and ziro5, whole mount in situ hybridization was carried out in developing zebra®sh embryos at various stages. ziro1 expression was ®rst detected at 75% epiboly stage (8 h post-fertilization, hpf) in the dorsal neuroectoderm and mesoderm on both sides of the midline ( Fig. 2A,D) . By 9 hpf, ziro1 transcripts were present in two pairs of bilateral domains corresponding to the prospective midbrain and hindbrain (Fig.  2B) . At 10 hpf, two lines of ziro1 positive cells appeared at the edge of neural plate and may represent placode precursors (Fig. 2C,D) . Cells around the edge of head territory also have ziro1 expression and they may represent the anterior placode (Fig. 2E) . By 11 hpf, ziro1 expression appeared in the notochord and weakly in the somatic mesoderm (Fig. 2F) . The weak expression in the somatic meso- derm became undetectable after 14 hpf (not shown). By 12 hpf, ziro1 transcripts were located in the midbrain, hindbrain, spinal cord and auditory placode lateral to hindbrain (Fig. 2G) . Two-color staining using ziro1/Pax2.1 (Krauss et al., 1991) probes showed ziro1 expression in the anterior hindbrain, r1 (rhombomere 1). By 14 hpf, ziro1 was expressed in r1 and r5±r7. This was con®rmed by the comparison of expression of ziro1 and krox20 (Oxtoby and Jowett, 1993) (Fig. 2H) . ziro1 was also expressed in the kidney precursor cells (not shown). In the tail bud, ziro1 expression was observed in both spinal cord and notochord at 14 hpf (not shown). By 16 hpf, this expression was limited to a region of the notochord anterior to the chordoneural hinge (CNH), as de®ned by ziro3 (Tan et al., 1999) (Fig. 2I) . By 20 hpf, ziro1 expression appeared in the¯oor plate above the notochord region where ziro1 expression had disappeared (Fig. 2J ). Similar to mouse Irx1 (Bosse et al., 1997) , zebra®sh ziro1 expression was also observed in the lateral wall of the ear vesicle and acousto-vertibular ganglions (Fig. 2L) . Interestingly, in the hindbrain ziro1 positive cells formed three distinct zones along the dorsoventral axis, including the ventral-most area (Fig. 2M) , where expression of mammalian homologues was not recorded (Bosse et al., 1997) . At 24 hpf, the expression is located in the central nervous system (CNS), including the dorsal diencephalons, dorsal midbrain, cerebellum, hindbrain, spinal cord and lateral¯oor plate (Fig. 2K,N) .
The expression pattern of ziro5 is very similar to that of ziro3. Its transcripts were ®rst detected at 8 hpf in the midline and was limited to the notochord precursor by 10 hpf (Fig. 3A) . By 11 hpf, ziro5 expression was observed in the prospective midbrain and hindbrain (Fig. 3B) . By 14 hpf, the strongest expression in the hindbrain was detected in r2. r1 and r3 showed a lower level of expression, followed by even lower expression in r4 and r5 (Fig. 3D,E) . By 17 hpf, the expression in the notochord was limited to the CNH (Fig. 3C) .
We also compared the expression patterns of all three zebra®sh iroquois genes at late stages (Fig. 4) . At 48 hpf, ziro1 mRNA was restricted mainly to the diencephalon and hindbrain (Fig. 4A) , while ziro3 and ziro5 expression was present in the diencephalon above the ventral¯exure, midbrain and hindbrain (Fig. 4B,C) . Analysis of crosssections of embryos at 72 hpf con®rmed that ziro3 and ziro5 have a similar expression pattern. Thus, only pictures for stronger staining of ziro3 are shown (Fig. 4E,G) . In contrast to the lack of ziro1 expression in retina, ziro3 was expressed in the inner nuclear layer of the retina (Fig. 4E) . The expression of these two genes also differed in the gut, where ziro1 transcripts appeared in the musculature of the gut (Fig. 4F) and ziro3 in the intestinal epithelium (Fig. 4G) .
In summary, three zebra®sh iroquois genes (ziro1, ziro3 and ziro5) were found to be expressed in the CNS, excluding most of the forebrain. Thus, their expression is limited to the evolutionary ancient part of the neural tube. In this respect, the expression of iroquois genes in zebra®sh is similar to that in mice with a notable exception of presence of ziro1 transcripts in lateral¯oor plate cells. In the notochord, only one iroquois gene (Irx3) in mice is expressed (Bosse et al., 1997 (Bosse et al., , 2000 , in contrast to at least three active iroquois genes in zebra®sh. This is reminiscent of the earlier suggestion of modi®cation of the midline signaling in evolution between teleosts and mammals (Hammerschmidt et al., 1997) .
